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Abstract
Detection of hypoperfused tissue due to the ischemia is considered to be important in understanding the cerebral perfusion 
status and may be helpful in guiding therapeutic decisions for patients with transient ischemic attack (TIA). We hypothesized 
that the combination of two non-invasive fMRI techniques: resting-state BOLD-fMRI time-shift analysis (TSA) approach 
and 3D ASL, could detect the cerebral hemodynamic status in TIA patients noninvasively. From April 2015 to June 2016, 
51 TIA patients were recruited in this study. We calculated the time delay between the resting-state BOLD signal at each 
voxel and the whole-brain signal using TSA approach and compared the results to CBF map derived from ASL. Out of the 
51 patients, 24 patients with normal arrival time and CBF were in Stage 0; 14 patients who showed delayed arrival time and 
normal CBF which indicated elevated CBV were in Stage I; the other 13 patients who had both delayed arrival time and 
decreased CBF were in Stage II, the group average spatial overlap, i.e., Dice coefficient, of the two measurements was 0.55. 
Four patients in Stage 0 (17.4%), three patients in Stage I (23.1%) and five patients in Stage II (45.5%) suffered ischemic 
stroke or TIA symptoms in 1 year after MRI scan. The patients in Stage II was at highest risk of subsequent events when 
compared to other two stages. The combination of resting-state BOLD-fMRI and ASL hold the potential to noninvasively 
identify the hemodynamic status in TIA patients and help predict the risk of subsequent events.

Keywords  Perfusion · Resting-state fMRI · Arterial spin labeling · Time-shift analysis · Transient ischemic attack · 
Cerebral blood flow

Introduction

Transient ischemic attack (TIA) is a transient episode of 
neurologic deficit(s) caused by transient ischemia of the 
eloquent brain, the symptoms of a TIA can resolve within a 
few minutes or within 24 h. TIA is an important risk factor 
for eventually stroke or a silent stroke [1, 2]. Purely clinical 
scales, such as the ABCD2 score which considers age, blood 
pressure, clinical features, duration of symptoms, and history 
of diabetes [3], can identify patients at high risk of sub-
sequent stroke. Brain imaging techniques are increasingly 
used to objectively identify true TIA which is presumed to 
have a vascular etiology [4]. Diffusion-weighted imaging 
(DWI) is positive among 30% of the patients referred for 
the evaluation of TIAs [5], and significantly improves the 
ability to predict subsequent events [6–9]. Recent studies 
have indicated that many TIA patients also have perfusion 
deficits using dynamic susceptibility contrast-enhanced 
perfusion-weighted imaging (DSC-PWI) or CT perfusion 
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(CTP) [10–15]. It has been hypothesized that TIA patients 
with perfusion deficits, even in the absence of DWI changes, 
may be at higher risk of subsequent events [16]. Therefore, 
detection of hypoperfused tissue due to the ischemia is 
considered to be important in understanding the cerebral 
perfusion status and may be helpful in guiding therapeutic 
decisions for patients with TIA.

DSC-PWI and CTP are the most commonly used in clini-
cal practice to assess the cerebral perfusion deficit in patients 
with TIA. Maps of cerebral blood flow (CBF), blood volume 
(CBV), time to peak (TTP) and mean transit time (MTT) are 
calculated to evaluate hemodynamic status which supposed 
to have three different stages after brain ischemia [17]. Stage 
0: CBF is closely matched to the resting metabolic rate of the 
tissue, the brain can maintain resting balance between blood 
flow and metabolism; Stage I: cerebrovascular autoregula-
tion, the intravascular CBV is elevated; Stage II: the capac-
ity for compensatory vasodilation is exceeded, autoregula-
tion fails, and CBF begin to decline. However, the major 
drawback of CTP and DSC-PWI is that it requires contrast 
agent which comes with potentially severe side-effects and 
precludes repetitive examinations for monitoring purposes. 
Noninvasive alternatives are being sought to give the simi-
lar pathophysiological information as CTP and DSC-PWI 
without the need for contrast agents.

Arterial spin labeling (ASL) uses water molecules in 
blood as intrinsic diffusion marker for noninvasive quantifi-
cation of brain perfusion [18]. ASL has been applied to iden-
tify the perfusion deficits in patients with TIA and proved 
to be effective [19–22]. Recent study has shown that ASL 
could more frequently detect hypoperfused brain regions 
compared with DSC-PWI [22]. However, ASL have poor 
signal to noise ratio [13] and single measurements of CBF 
alone do not adequately assess cerebral hemodynamic status 
[23].

Resting-state functional magnetic resonance imaging 
using blood oxygenation level-dependent (BOLD-fMRI) 
is a noninvasive imaging technique which does not require 
contrast agent infusion and still maintains high temporal 
resolution. Previous study indicated that an assessment of 
time delays of the spontaneous low-frequency fluctuations 
of the BOLD signal may provide cerebral perfusion infor-
mation, and thus serve as a noninvasive alternative to moni-
tor perfusion changes. Recently, this approach, time-shift-
analysis (TSA), has been applied to ischemic stroke [24–27] 
and chronic hypoperfusion patients [28], and the time delay 
areas were proved to be comparable to MTT or TTP map 
from DSC-PWI.

Following the facts that the TSA of resting-state BOLD-
fMRI can provide arrival time information of cerebral per-
fusion and ASL can noninvasively quantify the CBF, we 
hypothesized that combination of two non-invasive fMRI 
techniques: resting-state BOLD-fMRI and 3D ASL, could 

detect the cerebral hemodynamic status in TIA patients non-
invasively, and could, therefore, help increase the accuracy 
and confidence in clinical diagnosis. We also predicted that 
the risk for subsequent events is higher in Stage II than other 
two stages for patients with TIA.

Materials and methods

Participants

From April 2015 to June 2016, 51 patients with TIA 
(age = 30–79 years; 40 males) who had transient neurologic 
symptoms due to a possible vascular etiology (as evaluated 
by experienced clinical neurologists) were recruited from 
the Department of Neurology, Anshan Changda Hospital. 
Patients with hemorrhage, leukoaraiosis, epilepsy, migraine 
or a history of psychiatric disease were excluded from this 
study. For each patient, we recorded the following informa-
tion: (1) history of TIA and stroke; (2) risk factors including 
hypertension, diabetes mellitus, coronary artery disease, cur-
rent smoking and drinking; (3) medications used before the 
MR scanning; (4) in-hospital evaluation of arterial stenosis 
(carotid duplex ultrasound and MR angiography (MRA)), 
atrial fibrillation (electrocardiogram) and brain infarcts 
(diffusion-weighted imaging and T2-FLAIR); (5) 1-year 
telephone follow-up of stroke and/or TIA. ABCD2 score 
was obtained for each patient to evaluate the risk for subse-
quent stroke. All patients completed a series of physiological 
and biochemical tests within 24 h before the MR scanning, 
including blood systolic pressure, blood diastolic pressure, 
blood sugar level, cholesterol. Additionally, all patients 
underwent the mini-mental state examination (MMSE) to 
evaluate global cognition [29]. This study was approved by 
the Ethics Committee of the Center for Cognition and Brain 
Disorders, Hangzhou Normal University. Written informed 
consent was obtained from each participant.

MR data acquisition

All MRI data were acquired using a GE MR-750 3.0 T 
scanner (GE Medical Systems, Waukesha, WI) at Anshan 
Changda Hospital. The time intervals between the last TIA 
and the MRI scanning were from 6 h to 16 days. During 
the data acquisition, the participants were instructed to keep 
awake, relax with their eyes closed and remain motionless 
as much as possible.

(1) Resting-state BOLD-fMRI data were acquired 
using an echo-planar imaging sequence: 43 axial slices, 
repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, 
matrix = 64 × 64, field of view (FOV) = 220 × 220 mm2, 
thickness/gap = 3.2/0 mm and flip angle = 60°. This session 
consisted of 240 contiguous volumes and lasted for 8 min;



159Journal of Neurology (2019) 266:157–164	

1 3

(2) The 3D ASL data were acquired using a pseudo con-
tinuous ASL 3D fast-spin echo encoded spiral readout imag-
ing sequence: 45 axial slices, TR = 4781 ms, TE = 11.12 ms, 
matrix size = 128 × 128, FOV = 220 × 220 mm2, thickness/
gap = 3/0  mm, points = 512, arms = 12, labeling dura-
tion = 1500 ms and post-label delay = 1525 ms. The session 
lasted for about 7 min.

Data preprocessing

Resting-state BOLD-fMRI data was processed using tool-
box: REST-Time Shift Analysis (https​://githu​b.com/K-Z-W/
Time_Shift​_Analy​sis, developed by Yating Lv and Wei Wei) 
which includes two modules: resting-state BOLD-fMRI data 
preprocessing and time-shift analysis (TSA). The process of 
each dataset only needs 3 min.

Preprocessing of BOLD-fMRI data in REST-Time Shift 
Analysis toolbox calls the functions from RESTplus (http://
restf​mri.net/forum​/RESTp​lus V1.2), including (1) discard-
ing the first 10 volumes of functional images to make the 
longitudinal magnetization reach steady state and to let the 
participant get used to the scanning noise; (2) slice timing 
to correct the differences in image acquisition time between 
slices; (3) head motion correction; (4) spatial smooth-
ing with a Gaussian kernel with a 6-mm full width at half 
maximum; (5) removing the linear trend of the time course; 
(6) regressing out the head motion effect (using six motion 
parameters: three rigid body translations and three rotations) 
from the fMRI data; and (7) band-pass (0.01–0.08 Hz) filter-
ing. No patients were excluded from further analysis due to 
large head motion (more than 3.0 mm of maximal translation 
(in any direction of x, y or z) or 3.0° of maximal rotation 
throughout the course of scanning).

CBF maps from ASL were created using FuncTool soft-
ware on the GE workstation and then were coregistered to 
the individual’s mean BOLD-fMRI images using the utility 
from REST-Time Shift Analysis toolbox.

Time‑shift analysis (TSA)

TSA of the preprocessed resting-state BOLD-fMRI data was 
performed according previous work [26]. We calculated the 
average time series across the whole brain as the reference 
time course. For each voxel, we shifted the time course from 
– 3 TR to 3 TR (− 6.0 to + 6.0 s), and correlated it with 
the reference time course at each TR. Each voxel was then 
assigned a value based on the time-shift required to reach 
the maximal correlation coefficient.

Clinical validation

Two professional radiologists (N.L. and C.Q, with 4 and 
5 years of experience, respectively) who were blinded to the 

patients information independently traced the hypoperfusion 
regions (presence of focal slow flow (decreased CBF) in a 
vascular distribution) and time delay areas of TSA results 
for each patient. One traced the masks based on the CBF 
maps from ASL, and the other traced masks based on TSA 
delay results. Overlap was calculated using the Dice coef-
ficient (DC), which calculates the ratio of the intersection 
with respect to the union of each pair of masks.

Results

All the demographic and clinical information are summa-
rized in Table 1. Out of the 51 patients, 4 (7.8%) experienced 
stroke, 25 (52.1%) experienced TIA, 23 (54.9%) were first-
episode, 6 (11.8%) had small infarcts in white matter, and 
10 (19.6%) had intracranial large-vessel stenosis or carotid 
artery stenosis. The median ABCD2 score for the TIA 
patients was 4 (2–6). Four patients dropped out in one-year 
follow-up. Out of the 47 patients who had 1-year follow-
up information, 12 patients experienced follow-up TIA or 
stroke attack (only one patient experienced both TIA and 
stroke attack), 1 patient had recurrent stroke.

Table 1   Demographics and clinical characteristics of patients with 
TIA (n = 51)

TIA transient ischemic attack, M male, F female, MMSE mini-mental 
state examination, DWI diffusion weighted imaging
a Four patients dropped out in the 1-year follow-up

TIA (n = 51)

Age (years) 30–79 (57.4 ± 9.5)
Sex (M/F) 40/11
MMSE 15–30 (29.3 ± 2.5)
Blood systolic pressure (mmHg) 100–200 (145.6 ± 20.7)
Blood diastolic pressure (mmHg) 60–110 (86.7 ± 10.3)
Blood sugar level (mmol/L) 4.3–16.2 (6.3 ± 2.1)
Total cholesterin (mmol/L) 3.5–8.1 (5.3 ± 1.1)
ABCD2 scores, median 4 (2–6)
Smoking, No. (%) 33 (64.7%)
Drinking, No. (%) 24 (47.1%)
Hypertension, No. (%) 25 (49%)
Diabetes, No. (%) 8 (15.7%)
Coronary artery disease, No. (%) 4 (7.8%)
Atrial fibrillation, No. (%) 1 (2.0%)
Medication
Antiplatelets, No. (%) 51 (100%)
Statins, No. (%) 2 (3.9%)
DWI hyperintensity, No. (%) 6 (11.8%)
Vessel stenosis (> 50% stenosis), No. (%) 10 (19.6%)
TIA/stroke attack in 1-year follow-up, No. 

(%)
12 (25.5%)a

https://github.com/K-Z-W/Time_Shift_Analysis
https://github.com/K-Z-W/Time_Shift_Analysis
http://restfmri.net/forum/RESTplus
http://restfmri.net/forum/RESTplus
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Twenty-four patients with TIA who had no obvious per-
fusion deficits in CBF maps showed no time delay area in 
TSA results. There were some narrow areas in intracranial 
large-vessel but no severe intracranial large-vessel confirmed 
by MRA or carotid artery stenosis/occlusion identified by 
carotid duplex ultrasound examination in these patients. The 
results suggested that the hemodynamic status was in Stage 
0 in these patients. Cerebral perfusion still could maintain 
resting balance between blood flow and metabolism. In these 
twenty-four patients, one dropped out in 1-year follow-up; 
four patients (17.4%) had subsequent events in 1 year after 
scanning (2 had ischemic stroke attack, 1 had TIA, 1 had 
both ischemic stroke attack and TIA).

Fourteen patients (A1-A14) with TIA without obvious 
decreased CBF showed time delay areas from TSA (Fig. 1). 
Patient A3 showed time delay (from TSA) but increased 
CBF in temporal lobe. The high DWI signal which suggested 
ischemia in the same area confirmed our TSA results. Four 
patients (A2, A5, A7, A13) had intracranial large-vessel 
severe stenosis confirmed by MRA or carotid artery stenosis/
occlusion identified by carotid duplex ultrasound examina-
tion, while the other ten patients had some narrow areas in 
intracranial large-vessel. Patient A2 had severe stenosis in 

left carotid artery (MCA) on MRA. TSA demonstrated pro-
nounced comparable time delay areas in the left MCA’s cor-
responding blood supply area, while the CBF had no differ-
ence between two hemispheres. Patient A5 who had severe 
stenosis in left carotid artery identified by carotid duplex 
ultrasound examination showed pronounced time delay areas 
in the corresponding blood supply area. Five patients (A7, 
A11, A12, A13, A14) who had bilateral intracranial large-
vessel or carotid artery lesions showed time delay areas in 
both hemispheres. With delayed arrival time and relative 
normal CBF the CBV should elevate in time delay areas 
from TSA, which suggested that hemodynamic status was in 
Stage I of cerebrovascular autoregulation in these patients. 
One patient dropped out in 1-year follow-up; three patients 
(23.1%) had ischemic stroke in 1 year after scanning.

The other thirteen patients (B1–B13) showed time delay 
areas from TSA which were comparable to decreased blood 
flow regions on CBF maps from ASL (Fig. 2). The volumet-
ric and the overlap between two measurements results were 
listed in Table 2. The group average spatial overlap, i.e., 
Dice coefficient (DC), of the two measurements was 0.55. 
A relatively low degree of overlap (DC = 0.21) in patient B5 
was likely caused by many spikes in the head motion curve 

Fig. 1   TSA time delay results and CBF of fourteen TIA patients (A1-
A14). Patients showed a pronounced time delay to the global mean 
time course (bottom row) in some brain regions but without obvious 

decreased blood flow in CBF map (upper row). − 1, − 2, − 3 in color 
bar indicate − 1TR, − 2TR, − 3 TR time shift. TSA: time-shift analy-
sis; CBF: cerebral blood flow
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of this patient. Six out of thirteen patients (B1, B3, B6, B8, 
B9, B11) had severe intracranial large-vessel stenosis/occlu-
sion confirmed by MRA or carotid artery stenosis/occlusion 

identified by carotid duplex ultrasound examination, while 
the other seven patients had some narrow areas in intracra-
nial large-vessel. TSA demonstrated pronounced time delay 
areas in corresponding blood supply area in six patients who 
had severe artery stenosis (B1 in right MCA, B3 and B9 in 
left carotid artery, B6 and B11 in right carotid artery, B8 in 
left MCA,), while the CBF also decreased in correspond-
ing areas. With decreased CBF the results indicated that 
the capacity for compensatory vasodilation is exceeded and 
autoregulation failed, which suggested that hemodynamic 
status was in Stage II in these patients. Two patients dropped 
out in 1-year follow-up; five patients (45.5%) had subsequent 
events in 1 year after scanning (4 had ischemic stroke attack, 
1 had TIA).

Discussion

In this study, we successfully combined two non-invasive 
fMRI techniques, resting-state BOLD-fMRI and ASL, to 
identify hypoperfused areas in patients with TIA. We sug-
gest that the combination of an assessment of time delays 
of the spontaneous low frequency fluctuations of the BOLD 
signal and the mean cerebral blood flow (CBF) may provide 

Fig. 2   TSA time delay results and CBF of thirteen TIA patients (B1–
B13). The areas showed a pronounced time delay to the global mean 
time course (bottom row) were very similar to hypoperfusion region 

in CBF map (upper row). − 1, − 2, − 3 in color bar indicate − 1TR, 
− 2TR, − 3 TR time shift. TSA time-shift analysis, CBF cerebral 
blood flow

Table 2   The overlap between TSA delay results and CBF maps for 13 
patients in Stage II of hemodynamic status

TSA time-shift analysis, CBF cerebral blood flow, DC dice coefficient

Patient no. TSA temporal delay 
voxel number

CBF decrease 
voxel number

Overlap (DC)

B1 5629 5233 0.69
B2 4040 2252 0.58
B3 4610 8690 0.56
B4 5283 6047 0.76
B5 2678 2502 0.21
B6 2650 2127 0.48
B7 5334 4326 0.62
B8 3308 3103 0.62
B9 7292 10,600 0.57
B10 2131 1525 0.54
B11 6972 7018 0.53
B12 4943 4329 0.58
B13 1961 2302 0.41
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information of hemodynamic status, and thus serve as non-
invasive diagnostic tools for TIA without the need for the 
application of the contrast agent.

Grubb and colleagues [17] proposed three stages of hemo-
dynamic status changes of brain ischemia: Stage 0 charac-
terizes normal CBF, Stage I characterizes elevated CBV, 
while CBF decrease in Stage II. Single measurements of 
CBF alone do not adequately assess cerebral hemodynamic 
status. Low frequency fluctuations of resting-state BOLD 
signals usually reflect spontaneous neuronal activity [30, 
31]. Moreover, the BOLD signals contain information con-
cerning local blood flow and oxygen consumption [32], thus 
impaired hemodynamic status or severity of hemodynamic 
impairment could be assessed by evaluating the changes in 
BOLD response, which can be absent, reduced, negative or 
delayed (temporal shift/lagged) [33, 34]. Time-shift analysis 
(TSA) of resting-state BOLD signal was defined as the tem-
poral shift required to the maximal correlation with refer-
ence time course (i.e., the global mean of the brain). Such an 
approach has recently been used to assess pathophysiologi-
cal events associated with hemodynamics and provided a 
high spatial correspondence on the individual level with the 
area of hypoperfusion as defined by DSC-PWI without the 
application of contrast agent [24–28]. Thus, the combination 
of two fMRI techniques: TSA of resting-state BOLD-fMRI 
can provide the arrival time information of blood flow and 
the ASL can noninvasively quantify the CBF, could evaluate 
the hemodynamic status change of brain ischemia.

The major finding in our present study was that we suc-
cessfully identified the hemodynamic status in patients with 
TIA using combined resting-state BOLD-fMRI and ASL 
data. Twenty-four patients with normal arrival time and CBF 
were in Stage 0; fourteen patients who showed delay arrival 
time and normal CBF which indicated elevated CBV were 
in Stage I ; and the other thirteen patients who had both 
delayed arrival time and decreased CBF were in Stage II. 
The number of patients who suffered ischemic stroke or TIA 
symptoms in 1 year after MRI scan: four patients in Stage 
0 (17.4%); three patients in Stage I (23.1%); five patients 
in Stage II (45.5%). As we expected, the patients in Stage 
II was at highest risk of subsequent ischemic attack when 
compared to other two stages.

In our study, we employed TSA approach with time shift 
range from − 3TR to + 3TR (± 6.0 s) and whole brain global 
mean as reference time course (whole-brain reference, time 
shift range 3, WB3) which in accordance with previous stud-
ies [25–27]. Khalil and colleagues found the highest median 
correlation between MTT from DSC-PWI and TSA delay 
results using WB3. The authors also showed BOLD delay 
with WB3 had high sensitivity and specificity for predicting 
severe hypoperfusion [25]. These findings suggested that 
the time shift range and the reference time course which we 
employed for TSA approach in this study was reasonable.

In our study, all of ten patients with severe intracra-
nial large-vessel stenosis/occlusion confirmed by MRA 
or carotid artery stenosis/occlusion identified by carotid 
duplex ultrasound examination showed considerable time 
delay areas. Recent study has found that TSA method could 
detect perfusion deficits comparable to that of DSC-PWI 
in subacute stage of ischemic stroke patients, especially in 
patients with large-vessel occlusion or stenosis [27]. This 
result was consistent with previous study which also indi-
cated that PWI/DWI mismatch was always associated with 
a major vessel occlusion in acute phase of stroke [35]. Our 
results confirmed that TSA approach was sensitive to detect 
hypoperfusion due to severe major vessel stenosis/occlusion.

Patients in this study have a wide range of ages (30–79). 
Recent studies have indicated that approximately 10–14% 
of ischemic strokes occur in adults ages 18–45 years [36]. 
Nearly 18% of adults over 45 years experience at least one 
symptom of a TIA [22]. Only one patients was 30 years old 
who had transient neurologic symptoms due to a possible 
vascular etiology evaluated by experienced clinical neurolo-
gists. The other 50 patients were over 41 years, most of them 
(46) were over 45 years. We compared the age difference 
among patients in three different hemodynamic stages and 
found there were no significant difference in age (one-way 
ANOVA, F = 0.816, p = 0.4488).

Our study had several limitations. First, the telephone 
follow-up was not enough to monitor how the cerebral per-
fusion changes in patients with TIA. To be clinically help-
ful, the brain imaging should be acquired in the follow-up 
procedure to fully understand the hemodynamic status and 
predict the risk of subsequent events. Second, the results 
that patients who showed delay arrival time and normal 
CBF were in Stage I which characterizes elevated CBV 
need to be testified with actual CBV measured in the future. 
Another limiting factor in this study was head motion during 
resting-state BOLD-fMRI acquisition. Both the large head 
movements and large oscillation can affect the TSA results. 
Thus, to be clinically viable, effective ways to manage head 
motion, such as reducing scanning time or applying multi-
band sequence during data acquisition, would be able to 
further improve the precision of hypoperfusion assessment.

Conclusions

This study demonstrated that resting-state BOLD-fMRI TSA 
method could detect perfusion deficits in patients with TIA. 
The combination of resting-state BOLD-fMRI and ASL hold 
the potential to noninvasively identify the hemodynamic sta-
tus in TIA patients and help predict the risk of subsequent 
events (ischemic attack and stroke). Thus, the combination 
of two fMRI techniques could help diagnose and guide ther-
apeutic decisions for patients with TIA.
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